Fatty acid synthase in the yeast Cryptococcus neoformans is composed of two subunits encoded by FAS1 and FAS2 genes. We inserted a copper-regulated promoter (P CTR4-2 ) to regulate FAS1 and FAS2 expression in Cryptococcus neoformans (strains P CTR4-2 /FAS1 and P CTR4-2 /FAS2, respectively). Both mutants showed growth rates similar to those of the wild type in a low-copper medium in which FAS1 and FAS2 were expressed, but even in the presence of exogenous fatty acids, strains were suppressed in growth under high-copper conditions. The treatment of C. neoformans with fluconazole was shown to have an increased inhibitory activity and even became fungicidal when either FAS1 or FAS2 expression was suppressed. Furthermore, a subinhibitory dose of fluconazole showed anticryptococcal activity in vitro in the presence of cerulenin, a fatty acid synthase inhibitor. In a murine model of pulmonary cryptococcosis, a tissue census of yeast cells in P CTR4-2 /FAS2 strain at day 7 of infection was significantly lower than that in mice treated with tetrathiomolybdate, a copper chelator (P < 0.05), and a yeast census of P CTR4-2 /FAS1 strain at day 14 of infection in the brain was lower in the presence of more copper. In fact, no positive cultures from the brain were detected in mice (with or without tetrathiomolybdate treatment) infected with the P CTR4-2 /FAS2 strain, which implies that this mutant did not reach the brain in mice. We conclude that both FAS1 and FAS2 in C. neoformans are essential for in vitro and in vivo growth in conditions with and without exogenous fatty acids and that FAS1 and FAS2 can potentially be fungicidal targets for C. neoformans with a potential for synergistic behavior with azoles.
Cryptococcus neoformans is a pathogenic basidiomycetous fungus that can cause a lethal meningoencephalitis or pulmonary infection in both immunocompromised patients and apparently immunocompetent patients (1) . A number of virulence factors, including high-temperature growth, melanin synthesis, and capsule production, have been found to have a substantial impact on cryptococcal pathogenesis, and these factors and the genes/proteins that control them can potentially be specific targets for antifungal drug development (8) . Furthermore, the importance of metabolic functions and energy production for the yeast Cryptococcus neoformans to produce disease is identified in in vivo transcriptional studies of Cryptococcus (14) . For example, fatty acids are known to serve many critically important roles in the cell, including energy storage, integrity and dynamics of biological membranes, cellular metabolism, and cellular signaling (16, 18) . The de novo type I fatty acid biosynthesis found in eukaryotes involves a complex of highly integrated multifunctional enzymes with various catalytic activities. The type Ib fatty acid synthase system is found in animals and is composed of two identical ␣ subunits (␣ 2 ), whereas type Ia is found mainly in fungi and some bacteria (16) . In Saccharomyces cerevisiae, fatty acid biosynthesis requires acetyl-CoA carboxylase (encoded by the ACC1 gene) and a complex of fatty acid synthases that includes two subunits, ␣ and ␤, formed as a heterohexamer (␣ 6 ␤ 6 ) (16, 22) . The trifunctional ␣ subunit is encoded by the FAS2 gene, and the pentafunctional ␤ subunit is encoded by the FAS1 gene (12, 17) . The OLE1 gene encodes ⌬-9 fatty acid desaturase and is also essential for the production of monounsaturated fatty acids in S. cerevisiae (20) and is probably essential for the survival of C. neoformans since a null mutant could not be created (G. M. Cox, unpublished data). Previous studies of S. cerevisiae have shown that ACC1 is essential for vegetative growth, which infers that ACC1 may have functions other than the biosynthesis of fatty acid (7) since fas1 and fas2 null mutants of S. cerevisiae and Candida albicans are auxotrophic for fatty acids (15, 24, 25) . Studies of C. albicans have shown that although fas2 mutants can survive in vitro, they are attenuated for virulence in both murine oropharyngeal candidiasis and candidemia models (24, 25) .
In a transcriptional profiling study of C. neoformans for high-temperature growth, the transcriptional activator gene MGA2 was found to be up-regulated for high-temperature growth at 37°C versus 25°C. An mga2 null mutant was created, and in a study of comparative transcriptional profiles (the mga2 mutant versus the wild-type strain), MGA2 was shown to regulate FAS1 and ACC1 expression. The mga2 mutant was also found to be temperature sensitive for growth at 37°C and hypersensitive to the ergosterol synthesis inhibitor fluconazole in vitro (9) . These observations allowed us to hypothesize that the fatty acid synthase genes in C. neoformans may be extremely important to membrane structures and functions and a block in fatty acid synthesis could positively affect an azole's impact on ergosterol synthesis and membrane formation.
We made several attempts to disrupt C. neoformans FAS1 and FAS2 homologues by site-directed mutagenesis, and with more than 100 transformants screened, there was no evidence of a homologous recombination event. We predicted that both FAS1 and FAS2 in C. neoformans serve important roles in basic survival and growth of C. neoformans. Therefore, for experimental support of this hypothesis, we regulated the expression of FAS1 and FAS2 by fusing a copper-regulated promoter to replace the FAS1 and FAS2 endogenous promoters and determined the phenotypes of these mutants in vitro and in vivo and with azole exposure. The objective of this study was to examine the potential role of fatty acid synthesis in C. neoformans as a potential fungicidal target.
MATERIALS AND METHODS
Yeast strains, culture media, and additives. Wild-type C. neoformans strain H99 (serotype A, MAT␣) was cultured on yeast extract-peptone-dextrose (YPD) medium (1% yeast extract, 2% peptone, and 2% dextrose). Transformants were grown on a YPD plate containing 1 M sorbitol for 3 h and then transferred for selection onto a YPD plate supplemented with 100 g of nourseothricin (clon-NAT; Werner BioAgents, Jena, Germany) per ml and 200 M bathocuproinedisulfonic acid (BCS; Sigma-Aldrich, St. Louis, MO) as a copper chelator. Subsequent selected transformants with homologous recombination events were grown in YPD medium with either 200 M BCS or 25 M cupric sulfate (CuSO 4 ; Sigma-Aldrich, St. Louis, MO). All media with CuSO 4 also had additional supplementation with 1 mM ascorbic acid (Sigma-Aldrich, St. Louis, MO). Fatty acid supplementation was achieved by adding 1% (vol/vol) Tween 40 (SigmaAldrich, St. Louis, MO), 0.01% (wt/vol) myristic acid (Sigma-Aldrich, St. Louis, MO), and 0.01% (wt/vol) stearic acid (Sigma-Aldrich, St. Louis, MO) to YPD medium.
Identification of FAS1 and FAS2 homologues in C. neoformans. The C. albicans FAS1 (GenBank accession number X74952) and FAS2 (GenBank accession number L29063) sequences from GenBank were blasted to the C. neoformans strain H99 genomic database (http://cneo.genetics.duke.edu) to identify the putative cryptococcal homologues.
DNA constructs and transformation protocol. Overlap PCRs were performed to create the pNAT/CTR4-2 plasmid as described previously (4), and oligonucleotides used in this study are shown in Table 1 . In brief, a 1.6-kb nourseothricin acetyltransferase dominant selectable marker (Nat r ) was amplified from plasmid pCH233 by using primers NAT1F and NAT2R. The pCTR4-2/Gust plasmid (a gift from Tamara Doering, Washington University, St. Louis, MO) (13) was used as a template to amplify the 0.7-kb copper-regulated promoter (P CTR4-2 ) with primers CTR3F and CTR4R. The PCR products were run on a 0.7% agarose gel, stained with ethidium bromide, and gel purified. Primers NAT1F and CTR4R were used for overlap PCR to connect Nat r upstream to P CTR4-2 , resulting in a 2.2-kb PCR fragment that was cloned into the pCR2.1 vector by using the TOPO-TA cloning kit (Invitrogen, Carlsbad, CA). The resulting pNAT/CTR4-2 plasmid was sequenced for confirmation.
The copper-regulated FAS1 and FAS2 mutants were constructed using the overlap PCR technique. A 990-bp fragment of the 5Ј region, including the promoter region of FAS1, was amplified upstream Ϫ1 base from the ATG start site with primers F1CTR1 and F2CTR2Rev. A 1,043-bp fragment of the 3Ј region of FAS1 was amplified downstream from the ATG start site with primers F1CTR5 and F1CTR6Rev. The 2,280-bp Nat r -P CTR4-2 fragment was amplified from the pNAT/CTR4-2 plasmid template by using primers F1CTR3 and F1CTR4Rev. All three PCR products were gel purified and used as templates for overlap PCR by using primers F1CTR1 and F1CTR6Rev, resulting in a 4.2-kb overlap fragment (Fig. 1A) . For the copper-regulated FAS2 construct, a 1,079-bp fragment of the 5Ј region, including the promoter region of FAS2, was amplified upstream Ϫ1 base from the ATG start site with primers F2CTR1 and F2CTR2Rev. A total of 1,114 bp of the 3Ј region of FAS1 was amplified downstream from the ATG start site with primers F2CTR5 and F2CTR6Rev. The 2,280-bp Nat r -P CTR4-2 fragment was amplified from the pNAT/CTR4-2 plasmid template by using primers F2CTR3 and F2CTR4Rev. All three PCR products were gel purified and used as templates for overlap PCR by using primers F2CTR1 and F2CTR6Rev, resulting in a 4.4-kb overlap fragment (Fig. 1B) .
The overlap DNA constructs generated by overlap PCR were used to transform strain H99 by using a biolistic delivery protocol (21) for homologous recombination into the cryptococcal genome ( Fig. 1A and B) . Stable transformants were selected on YPD medium containing nourseothricin and BCS as described previously (11) . Analyses of the transformants for homologous recombination were performed by PCR of the genomic DNA from transformants with primers flanking the construct. Confirmation of homologous recombination was performed by Southern hybridization. For P CTR4-2 /FAS1 mutants, genomic DNA was digested individually with either KpnI or ClaI and probed with a [
32 P]dCTPlabeled FAS1 3Ј fragment, whereas the genomic DNA of P CTR4-2 /FAS2 was digested individually with KpnI, EcoRI, and HindIII and probed with a [ 32 P]dCTP-labeled FAS2 5Ј fragment.
Determination of FAS1 and FAS2 mRNA by quantitative RT-PCR. C. neoformans strains H99, P CTR4-2 /FAS1, and P CTR4-2 /FAS2, were grown at 30°C in two flasks each of 50 ml YPD medium containing BCS to mid-log phase. The cells were pelleted, washed twice with sterile phosphate-buffered saline (PBS), and resuspended in 50 ml YPD medium containing either BCS or CuSO 4 for 6 h. The cells were then pelleted, frozen at Ϫ80°C, and lyophilized. The lyophilized cells were broken with 2-mm glass beads, and RNA was extracted from these strains by using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA) according to the manufacturer's instructions. One microgram of RNA was treated with DNase I, followed by cDNA synthesis using oligo(dT) primers with the SuperScript III first-strand synthesis system for reverse transcription-PCR (RT-PCR) (Invitrogen Life Technologies, Carlsbad, CA). The resulting cDNA was diluted 1:5, and 2 l of diluted cDNA was used as the template for quantitative RT-PCR using iQ SYBR green Supermix (Bio-Rad, Hercules, CA). Real-time PCR primer sequences for FAS1 (FAS1L-RT and FAS1R-RT) and FAS2 (FAS2L-RT and FAS2R-RT) were added to the reaction mixtures at a final concentration of 0.1 M. The iCycler iQ multicolor real-time detection system (Bio-Rad, Hercules, CA) was used with the following conditions: an initial denaturing cycle of 95°C for 3 min, 40 cycles of denaturation at 95°C for 20 s, and annealing/ extension at 60°C for 45 s, followed by a melt curve from 60°C to 95°C with fluorescent monitoring for each 0.5°C. Determination of yeast cell growth. C. neoformans strains H99, P CTR4-2 /FAS1, and P CTR4-2 /FAS2 were grown at 30°C in YPD broth or in YPD broth containing BCS. Cells were pelleted, washed twice with sterile PBS, and resuspended in PBS with 1:10 serial dilutions for six dilutions. A total of 50 l each of diluted yeast cells (10 6 to 10 cells) was placed onto YPD agar and YPD agar containing BCS or CuSO 4 with and without fatty acid supplementation. Cryptococcal strains were incubated at both 30°C and 37°C. Growth curves were created for 10 5 cells of C. neoformans strains. H99, P CTR4-2 /FAS1, and P CTR4-2 /FAS2 strains were cultured at 30°C and 37°C in YPD broth containing either BCS or CuSO 4 with and without fatty acid supplementation. Quantitative yeast cell counts were performed by culture of 100 l of diluted yeast cells onto YPD-BCS agar. Quantitative counts by CFU on YPD-BCS agar were determined at 0, 6, 12, 24, 48, and 72 h after culture.
Determination of synergistic activity of antifungal agents with FAS inhibition. A total of 1 ϫ 10 5 cells of C. neoformans strains H99, P CTR4-2 /FAS1, and P CTR4-2 /FAS2 were grown at 30°C in YPD broth containing BCS or CuSO 4 with and without either 8 g/ml fluconazole or 4 g/ml caspofungin. Quantitative cell counts were performed by plating 100-l aliquots of diluted yeast cells on YPD-BCS agar for CFU at 0, 6, 12, 24, 48, and 72 h of exposure. Then, 1 ϫ 10 5 yeast cells of C. neoformans strain H99 were grown at 30°C in YPD broth with 8 g/ml fluconazole, 0.3 g/ml cerulenin, and both together. Quantitative yeast cell counts were performed by culture of 100 l of diluted yeast cells on YPD agar. Quantitative counts by CFU on YPD agar were determined at 0, 6, 12, 24, and 48 h of culture.
In vivo regulation of copper-regulated FAS1 and FAS2 expression in a murine model. A murine model of pulmonary cryptococcosis was used to determine the importance of FAS expression by in vivo copper-regulated FAS1 and FAS2 expression mutants. A total of 1 ϫ 10 5 yeast cells of C. neoformans strains H99, P CTR4-2 /FAS1, and P CTR4-2 /FAS2 were inoculated intranasally into A/JCr mice. Thirty mice were used for each group, and 15 mice of each group were treated with 0.2 g/day of ammonium tetrathiomolybdate (TM), a copper chelator, daily and fed a low-copper diet (5). In the TM group, TM was injected intraperitoneally into mice for 2 weeks before inoculation to ensure a low-copper condition and daily injection continued throughout the experiment. The control groups were given a regular diet and water. After 14 days of TM treatment, the ceruloplasmin concentration in these mice had been reduced 25% compared to the concentration in control mice. Five mice from each group were sacrificed, and quantitative yeast cultures from murine lungs and brains were performed at 4, 7, and 14 days after inoculation. Statistical analyses were performed using the Student t test to calculate a P value for the tissue census of groups, and a P value of Յ0.05 was considered significant.
RESULTS
Identification and regulation of FAS1 and FAS2 in C. neoformans. The C. albicans FAS1 and FAS2 DNA sequence was used to search for their homologues in the C. neoformans genome. In the genome database of C. neoformans var. grubii (serotype A) strain H99 (Broad Institute; http://www.broad.mit .edu), FAS1 and FAS2 were found closely linked in opposite orientations and were arranged around an apparent 0.6-kb putative common promoter (Fig. 1) . In C. neoformans strain H99, the FAS1 gene was 8,060 bp and contained nine introns; the putative amino acid sequence of FAS1 was 2,514 amino acids (GenBank accession number DQ363334). The FAS2 gene was 4,829 bp and contained nine introns; the predicted amino acid sequence of FAS2 was 441 amino acids (GenBank accession number DQ363335). The selection of P CTR4-2 /FAS1 and P CTR4-2 /FAS2 mutants was performed by PCR using primers that flank the construct and by Southern hybridization (see Materials and Methods). Our results confirmed homologous recombination and replacement of the wild-type gene with the copper-regulated promoters in our mutant strains P CTR4-2 / FAS1 and P CTR4-2 /FAS2 (data not shown).
Determination of FAS1 and FAS2 mRNA by quantitative real-time PCR. Real-time PCR was performed to quantitate the FAS1 and FAS2 transcripts of C. neoformans strains H99, P CTR4-2 /FAS1, and P CTR4-2 /FAS2 in CuSO 4 conditions compared to those in BCS conditions. Neither BCS nor CuSO4 conditions showed significant impact on FAS1 and FAS2 transcripts of wild-type parental C. neoformans strain H99. In the P CTR4-2 /FAS1 strain, BCS and CuSO 4 exposure showed little impact on FAS2 transcripts but the FAS1 transcript had a 200-fold reduction in CuSO 4 compared to in BCS. In contrast   FIG. 1. Diagram shows FAS1, FAS2 , and the putative common promoter in C. neoformans with the genome and the DNA construct fragments. Nourseothricin resistance gene cassette (Nat r ) and the copper-reguated promoter (P CTR4-2 ) were inserted by homologous recombination to regulate FAS1 (A) and FAS2 (B).
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on October 22, 2017 by guest http://aac.asm.org/ to the P CTR4-2 /FAS1 strain, BCS and CuSO 4 showed no significant impact on FAS1 transcripts in the P CTR4-2 /FAS2 strain, whereas a 500-fold reduction of FAS2 transcripts was observed in the P CTR4-2 /FAS2 strain with CuSO 4 compared to the transcript level with BCS. This demonstrates that the P CTR4-2 /FAS2 strain is even more sensitive to copper exposure in its expression of FAS2 than the P CTR4-2 /FAS1 strain is with FAS1. Determination of cell growth and growth curves. Cell growth was determined in YPD agar with BCS, CuSO 4 , or CuSO 4 plus fatty acids at 30°C and 37°C as shown in Fig. 2A . At both 30°C and 37°C, C. neoformans strain H99 shows normal growth on YPD agar containing BCS, YPD agar containing CuSO 4 , and YPD agar containing CuSO 4 with fatty acids. In contrast, both mutant strains show a complete growth arrest on YPD agar containing CuSO 4 acid and on YPD agar containing CuSO 4 with fatty acid supplementation at both temperatures.
Growth curves were determined for H99, P CTR4-2 /FAS1, and P CTR4-2 /FAS2 strains (Fig. 2B) . A total of 1 ϫ 10 5 cells of each strain of C. neoformans were grown at both 30°C and 37°C in YPD broth containing BCS or CuSO 4 with and without fatty acid supplementation. With H99, the yeast cells showed equal growth levels in media containing BCS, CuSO 4 , or CuSO 4 with fatty acids in both temperatures, and saturated conditions were achieved at 24 h. In contrast, after 6 h in culture, the yeast cell numbers of the P CTR4-2 /FAS1 and P CTR4-2 /FAS2 strains began to decrease to concentrations approximately 100-fold less than the starting yeast cell numbers at 72 h in CuSO 4 .
Both P CTR4-2 /FAS1 and P CTR4-2 /FAS2 strains represented approximately the same growth rate as H99 in YPD with BCS in both 30°C and 37°C and also exhibited a normal capsule, cell morphology by microscopy, and melanin production on 3,4-dihydroxyphenyalanine plates.
We next examined the antifungal activity of fluconazole and caspofungin in conditions in which either FAS1 or FAS2 was inhibited. A total of 1 ϫ 10 5 wild-type H99, P CTR4-2 /FAS1, and P CTR4-2 /FAS2 cells were grown at 30°C in YPD broth containing either BCS or CuSO 4 . Then, fluconazole or caspofungin was added into the growth media with BCS and CuSO 4 , and growth curves were determined. Fluconazole at 8 g/ml had no significant impact on cell growth of H99 in BCS or CuSO 4 (subinhibitory dose). In BCS, the yeast cell counts of both P CTR4-2 /FAS1 and P CTR4-2 /FAS2 decreased about only 0.5 log when fluconazole was added. On the other hand, fluconazole, a cell membrane inhibitor enzyme, possessed more antifungal activity with P CTR4-2 /FAS1 with CuSO 4 exposure in which FAS1 was inhibited. The viable yeast cells were 100-fold less than the number with only CuSO 4 at 72 h of culture incubation. Similarly, fluconazole also had more antifungal activity with strain P CTR4-2 /FAS2 in CuSO 4 than with the other strains and, actually, fluconazole became fungicidal in CuSO 4 at 72 h, with the death of the entire inoculum (Fig. 3) . In contrast, caspofungin (a cell wall enzyme inhibitor) at 4 g/ml had little anticryptococcal activity and there was no detectable increase in antifungal activity for the three strains in all conditions. For example, when strains were grown in BCS or CuSO 4 in the presence or absence of caspofungin, the reductions in CFU with and without caspofungin are not different (Fig. 3) .
Interaction of cerulenin and fluconazole on C. neoformans. H99 was used to determine the interaction between the antifungal activity of fluconazole and a known fatty acid synthase inhibitor, cerulenin. Fluconazole at 8 g/ml, cerulenin at 0.3 g/ml, or both together were added to 1 ϫ 10 5 cells of C. neoformans in YPD broth at 30°C. Quantitative yeast counts showed that medium with a combination of cerulenin and fluconazole had more inhibition of growth than medium with either drug alone at 24 and 48 h (Fig. 4) .
In vivo regulation of copper-regulated FAS1 and FAS2 strains in a murine model. We examined the regulation of FAS1 and FAS2 under variable copper exposure in a murine model of pulmonary cryptococcosis using P CTR4-2 /FAS1 and P CTR4-2 /FAS2 strains of C. neoformans. TM was used as a copper chelator in mice and was able to reduce tissue copper levels, as reflected by lower ceruloplasma levels in treated animals. In mice infected with H99 and P CTR4-2 /FAS1, the tissue census recovered from the lungs was slightly lower in the control group than in the TM-treated group but it was not statistically significant. However, the tissue yeast counts recovered from murine lung infected with the P CTR4-2 /FAS2 strain were consistently lower at 4, 7, and 14 days in the control group than in the TM-treated group and, at day 7, yeast counts were significantly reduced (P Ͻ 0.05) (Fig. 5) . The yeast counts from brains of animals infected with H99 were not significantly different in the control versus the TM-treated group of animals. On the other hand, compared to the result for the TM-treated group, murine brains infected with P CTR4-2 /FAS1 showed fewer yeast colony counts than control brains did and, at day 14 of infection, these yeast counts were significantly reduced (P Ͻ 0.05). Furthermore, no positive cultures for the P CTR4-2 /FAS2 
DISCUSSION
Lipid metabolism in eukaryotes, including the biosynthesis of saturated long-chain fatty acids, is vitally important to cell integrity, signaling, and energy production. Thus, fatty acid synthesis has been a promising area for antifungal drug development, and the genes related to the initial fatty acid biosynthesis may serve as specific antifungal targets. The present study supports the fact that both FAS1 and FAS2 are essential for vegetative survival of C. neoformans. Furthermore, when either FAS1 or FAS2 expression is suppressed, C. neoformans is not able to grow and fungal death occurs in culture during FAS suppression even in the presence of exogenous fatty acids in the medium. These findings are different from those observed with S. cerevisiae and C. albicans in which the fas1 and fas2 null mutants are auxotrophic for fatty acids. A possible explanation for these divergent findings is that FAS1 and FAS2 in C. neoformans may have other functions besides direct fatty acid metabolism or that C. neoformans does not have a mechanism to transport and/or activate exogenous fatty acids into the cell through its capsule, cell wall, or cell membrane. Consequently, with the deficiency of intracellular fatty acids, the yeast is unable to effectively produce its biological membranes, which are essential for cell division and/or cell metabolism, and, therefore, death occurs rapidly. Fatty acid transport in C. neoformans has not yet been characterized. In S. cerevisiae, the fatty acyl-CoA synthetase (Faa1 and Faa4) and Fat1 have been shown to be responsible for fatty acid import by linking transport and activation of exogenous fatty acids for utilization and signaling in the cell (6, 22) . We blasted the FAA1 and FAT1 genes of S. cerevisiae into the C. neoformans genome database, and no similar genes were found. Thus, C. neoformans may FIG. 3 . Growth curves for antifungal activity of fluconazole (8 g/ml) and caspofungin (4 g/ml) to H99, P CTR4-2 /FAS1, and P CTR4-2 /FAS2 in conditions with BCS or CuSO 4 at 30°C.
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on October 22, 2017 by guest http://aac.asm.org/ have a different system of fatty acid transport/activation, and this possibility needs further study. We found that the FAS1 and FAS2 genes are closely linked on the same chromosome, with opposite orientations, which is different from that of FAS1 and FAS2 in C. albicans, which are located on different chromosomes. The 8-kb FAS1 and 4.8-kb FAS2 are controlled by a relatively small putative common promoter. We inserted the Nat r -P CTR4-2 fragment to replace the native promoters of the FAS1 or FAS2 open reading frames. Quantitative RT-PCR demonstrated that the mRNA of FAS1 or FAS2 did not significantly change when the Nat r -P CTR4-2 fragment was inserted upstream to FAS2 or FAS1, respectively. Therefore, this replacement promoter was efficient in the control of expression of only FAS1 or FAS2 in P CTR4-2 /FAS1 and P CTR4-2 /FAS2 mutants, respectively. On the other hand, the quantitative RT-PCR results did show that the mRNAs of FAS1 or FAS2 were significantly down-regulated in the P CTR4-2 /FAS1 and P CTR4-2 /FAS2 strains in the presence of copper ion. In the comparison of the two engineered strains, P CTRA-2 /FAS2 appears to be more sensitive to exogenous copper effects than P CTRA-2 /FAS1 is and this sensitivity might have relevance for in vivo environments.
Since fatty acids are important components of lipid membranes, synergistic activity between fatty acid and other membrane synthesis inhibitors was predicted. In fact, in our microarray studies, the transcriptional activator MGA2 was shown to be linked to the control of fatty acid synthesis gene expression and cell membrane phenotype when the mga2 mutant was found to be hypersensitive to fluconazole exposure (9) . In the present study, we directly show that when fatty acid synthase is inhibited, fluconazole has more potent direct antifungal activity against C. neoformans and, in fact, fluconazole becomes fungicidal in vitro. For example, when FAS1 or FAS2 expression is down-regulated, the number of surviving C. neoformans CFU decreases approximately 100-fold more with fluconazole exposure and death ensues. In contrast, the cell wall inhibitor caspofungin does not show a synergistic effect with FAS1 or FAS2 inhibition. However, both BCS and CuSO 4 enhance the limited anticryptococcal activity of caspofungin. In order to show the proof of concept that these effects could also be reproduced by external sources, we examined the interaction of fluconazole with a known fatty acid synthase inhibitor, cerulenin. The combination of fluconazole and cerulenin showed an approximately 100-fold decrease in yeast cell growth of H99 compared to the result for exposure with the same concentration of fluconazole or cerulenin used alone at 24 h, and a 10-fold decrease persisted at 48 h. These drug combination experiments confirmed that a two-pronged attack on the cell membrane by block of both ergosterol and fatty acid synthesis would be additive to the growth inhibition of C. neoformans.
We next attempted to show that fatty acid synthesis in C. neoformans is important within the mammalian host. We have developed a tetracycline-regulated system (2), but it has not yet been made efficient for in vivo studies and, therefore, we used the copper-promoter system for gene regulation in vivo. The CTR4 gene putatively encodes a high-affinity copper transporter in C. neoformans, and this is similar to its function in Schizosaccharomyces pombe. Recent work has shown the potential importance of copper for cryptococcal growth in the central nervous system. For instance, the copper transcriptional factor, a cuf1 mutant, cannot grow in the brains of mice (23) . Also, the CTR4 gene has been shown to be up-regulated in the cerebrospinal fluid of rabbits with cryptococcal meningitis (19) . Therefore, in our animal studies, it was important to observe the impact of the in vivo copper conditions we created and whether they had a direct effect on the virulence composite of wild-type C. neoformans H99 through influence on the native CTR4 and CUF1 genes. In fact, the H99 (wild-type) strain grew well and normally in the murine brain with or without the use of TM chelator and this supports the fact that a possible endogenous impact of copper levels on normal genes in this model was not primarily responsible for the effects observed in the fas mutants. On the other hand, our in vivo experiment to regulate FAS2 by copper has shown that a copper-regulated promoter can potentially be used to control the gene expression of C. neoformans in a murine model of pulmonary cryptococcosis. Our in vitro quantitative expression assessment showed that the P CTR4-2 /FAS2 was more tightly regulated by copper than the P CTR4-2 /FAS1 was. This feature may also have been observed in vivo since compared to P CTR4-2 /FAS1 only the P CTR4-2 /FAS2 strain showed a significant decrease in CFU counts in the lung at day 7 after infection in the presence of normal host copper levels compared to animals that had reduced available copper through chelation. It is difficult to chelate all copper out of mice since there are side effects of the chelator at high concentrations, and complete elimination of copper from the host is a limitation of this strategy to precisely cut off gene expression. However, ceruloplasmin levels by our treatment were decreased by 25% and this finding is similar to those of other studies which have used this method (3, 5) . Furthermore, it was also shown that an altered promoter for FAS1 and FAS2 can have significant impact on yeast entry or survival in the brain. The colony counts of the P CTR4-2 /FAS1 strain revealed a significant decrease in brain yeast counts 2 weeks after infection in the presence of normal host copper, whereas no yeast cells from the P CTR4-2 /FAS2 strain were able to grow in murine brain after intranasal infection in both low-copper and normal copper conditions. These observations suggest that the mutants with regulated FAS genes have difficulty either surviving in the lung and/or escaping from the lung into the bloodstream and entering the brain. It is apparent from these in vivo experiments that any inhibition of fatty acid synthesis can potentially cause a substantial impact on the yeast's ability to survive in vivo. Human fatty acid synthase encoded by the FASN gene is a type Ib fatty acid synthase. Thus, there is a possibility that the yeast type Ia fatty acid synthase can potentially be used as a unique fungicidal target for C. neoformans, and the target shows some breadth in that it is important for in vivo growth of C. albicans (24, 25) . Furthermore, there are a number of fatty acid synthase inhibitors isolated from plants that may have antifungal activity (10) . Further study into the function(s) of fatty acid synthases in C. neoformans and into identifying compounds which have inhibitory activity for fatty acid synthases are is promising as a novel antifungal target(s) for drug development both as individual drugs and, particularly, in combina- 
